Abstract. Although meningiomas are one of the most common tumors in the central nervous system, the adjuvant treatment for recurrent or malignant meningiomas is not satisfactory. An intense interest in evaluating new molecular markers that may serve as potential therapeutic targets exists. Changes in apoptosis mechanisms play important roles in tumor pathogenesis. One pro-apoptotic protein is Smac/DIABLO, which neutralizes the inhibitors of apoptosis (IAPs). As Smac/ DIABLO has not been previously analyzed in meningiomas, We investigated the expression of Smac/DIABLO and survivin in primary meningioma cultures in vivo and in vitro. Expression of Smac/DIABLO, survivin and single-stranded (ss)DNA in vivo were determined immunohistochemically in 100 meningioma surgical specimens, dura and normal human cortex. The expression of the apoptotic enzymes in vitro was analyzed after RNA and protein isolation of all meningiomas via Western blotting and PCR. All examined meningiomas and normal cerebral cortex displayed intense positive cytoplasmic Smac/DIABLO immuno-reactivity. Survivin and ssDNA were expressed in all surgical specimens and showed weak staining overall. Examination of Smac/DIABLO protein via Western blotting showed distinct signals in the cytoplasmic extracts. PCR analysis displayed no changes of Smac/DIABLO and survivin expression in different meningioma grades, normal human cortical cortex or dura. Constant high-level Smac/DIABLO respectively low-level survivin expression in meningiomas and normal brain demonstrate similar apoptotic behavior of meningiomas compared to normal brain tissue. These findings indicate no pathological overexpression of survivin in meningiomas as is evident in several other cancer types impeding apoptosis.
Introduction
Meningiomas constitute one of the most intriguing and challenging tumors of the central nervous system, the definition of malignant potential is beset by the frequent discordance between histology and biologic behavior (1,2). Meningiomas originate from arachnoidal cap cells of the meningeal coverings of the brain, constituting approximatively 13-26% of all intracranial tumors (3, 4) . For most of these lesions, the conventional strategy of combining both surgery and radiation therapy for atypical or anaplastic meningiomas provides long-term effective and sufficient clinical results (5, 6) . However, some meningiomas recur or are resected subtotally due to their delicate location at skullbased structures. Additionally in a minority of patients, regrowth of tumor tissue after irradiation is a major clinical problem. Despite several chemotherapeutic trials, medical interventions in these tumors is unsatisfactory (7, 8) . The development of novel treatment strategies based on the molecular information has not yet been successfully translated to common clinical practice.
Abnormal apoptosis is a hallmark of human tumors and deregulation of the genes controlling the apoptotic cascade is closely related to tumor development, progression and recurrence (9) . Among the many known regulators and effectors of apoptosis, the caspase family as well as survivin and opponent proteins play an important role in the execution phases of apoptosis (10, 11) . The function of survivin as a member of the family of inhibitors of apoptosis protein (IAP) has been explained by its ability to block the terminal effector cell-death proteases, caspase-3 and -7. In addition, high levels of survivin prevent cells from responding to apoptotic stimuli, such as serum deprivation and administration of the anticancer drug etoposide (12, 13) . However, the inhibitory action of survivin in caspase-3 activity has been debated (14) .
Suppressing the activity of the IAPs themselves has been attributed to Smac [second mitochondrial activator of caspases; known as DIABLO (direct IAP binding protein with low pI) in mouse], a nuclear encoded, mitochondrially localized protein, which is released into the cytosol in response to apoptotic stimuli that disrupt the integrity of the mitochondria (15) . Smac/DIABLO negatively regulates the caspase inhibitory properties of XIAP (X-linked IAP) by ONCOLOGY REPORTS 21: 1181 -1188 , 2009 Evidence of ubiquitous in vivo and in vitro expression of proapoptotic Smac/DIABLO protein in meningioma cell lines binding into the same pockets in XIAP which are used to bind caspases; when XIAP binds Smac/DIABLO, the caspases are displaced and primed to affect the execution phase of apoptosis (16) . It is of utmost importance to identify possible key players in this orchestra when aiming for clinical application of new chemotherapeutic agents (17) . With this study we provide crucial information on several apoptotic proteins in meningiomas of different WHO grades, as these pro-and antiapoptotic enzymatic complexes in this tumor entity have not been previously studied in detail.
Materials and methods
Tumor specimens and cell culture. Meningioma surgical specimens were obtained from the Neurosurgical Department in accordance to regulations of the Ethics Committee of the University of Tübingen. Patient data associated with the in vivo and in vitro studies are characterized in Table I . Primary cultures were obtained from tumor tissue samples within 30 min of surgical removal. Samples were first washed in phosphate-buffered saline (PBS), reduced and mashed through a filter and placed in Dulbecco's modified Eagle's medium (DMEM) with fetal bovine serum (FBS), 2 mmol/l L-glutamine and 0.1% 50 mg/ml Gentamicin (Invitrogen, Grand Island, NY). Cells were plated in 25-mm 2 tissue culture flasks and incubated at 37˚C in a humidified atmosphere of 5% CO 2 . Medium was changed every 3-4 days and cultures were split using 600 μl Accutase (PAA, Pasching; Austria). Viable cells were stored in liquid nitrogen in 90% medium/ 10% dimethyl sulfoxide. The malignant meningioma IOMMLee cell line was a kind gift from A. Lal (Department of Neurological Surgery, University of California, San Francisco, CA, USA).
Immunohistochemical staining. Four-micron sections containing human meningiomas were cut from formalinfixed tissue embedded in paraffin blocks. Normal cerebral cortex (Biochain, Inc., Hayward, CA), normal cerebral meninges and tonsil were used as positive controls. Slides containing tissue were deparaffinized by bathing them with a series of Histolene (Engelbrecht, Edermuende, Germany) and alcohol solutions. Vectastain Elite Universal Kits (Vector Laboratories, Burlingame, CA) were used according to the manufacturer's protocol. Briefly, the slides were treated with an antigen unmasking solution (citrate buffer solution pH 6.0), rinsed with PBS and bathed in a 3% H 2 O 2 solution for 10 min, followed by blocking of avidin/biotin (Vector Laboratories). Slides were incubated overnight at 4˚C with primary Smac/ DIABLO rabbit polyclonal antibody (Ab13817; Abcam, Cambridge, MA) at a dilution of 1:50, survivin rabbit polyclonal antibody (Ab469; Abcam) at a dilution of 1:100, EMA mouse monoclonal antibody (M0613; Dako, Hamburg) at a dilution of 1:100 and vimentin mouse monoclonal antibody (M7020; Dako) at a dilution of 1:200. Following the incubation with the primary antibody and a two-times PBS wash, biotinylated secondary antibody was applied, then incubated with premixed avidin-biotin-peroxide complex (ABC; Vector Laboratories). The final immunohistochemical staining was performed using Vector ® Novared (Vector Laboratories) to obtain a reaction to the ABC. Sections were counterstained with hematoxylin and examined by light microscopic studies.
For immunohistochemical staining of ssDNA the deparaffinized slides were treated with 0.15 mg/ml saponin and 20 μg/ml proteinase K in PBS for 20 min. A three-time PBS wash was followed by an incubation with 50% formamide for 20 min at 60˚C. After a 5 min wash in icecold PBS the slides were blocked with 3% H 2 O 2 solution for 5 and 15 min with 3% non-fat dry milk. Slides were incubated for 15 min with primary mouse monoclonal antibody ssDNA (ALX-804-192; Alexis, San Diego, CA) at a dilution of 1:100 in 1% non-fat dry milk. Following the incubation with the primary antibody and a two-time PBS wash, peroxidase-conjugated anti-mouse IgM secondary antibody (04-6820, Invitrogen, Inc., Carlsbad, CA) were applied for 15 min at a dilution of 1:100. The immunohistochemical staining was performed as described earlier.
Grading of immunohistochemical staining. The immunohistochemical samples were graded on the basis of a 5-point scoring system demonstrating the percentage of cells that showed positive staining, as previously published (18) . The scores were as follows: 0, no staining noted; 1, <1% of cells stained; 2, 1-10% of cells stained; 3, 11-50% of cells stained; and 4, >50% of cells stained.
Immunocytochemical staining. An immunocytochemical analysis was performed on meningioma cells growing in a monolayer fashion in culture. The cells were subjected to treatment, plated in 4-well glass slides, and allowed to remain in growth media for 2-3 days as described earlier. After removal of the growth media, the slides were rinsed with PBS for 5 min followed by fixation for Smac/DIABLO and survivin with 4% PFA pH 7.0 in PBS for 15 min at room temperature. The slides were rinsed two-times with PBS and the PFA treated cells were incubated with 3% Triton-X 100 in PBS for 10 min. All cells were blocked with 10% goat serum in PBS for 30 min at room temperature. Slides were incubated 1 h at 37˚C with following primary antibodies: Table I . Characteristics of 100 patients with meningioma. Protein and ribonucleic acid isolation. Cytoplasmic and nuclear protein and ribonucleic acid (RNA) were isolated from the surgical specimens and primary cell cultures using Paris ® kit (Ambion, Inc., Austin, TX), according to the manufacturer's protocol. The nuclear and cytoplasmic protein and RNA was measured spectrophotometrically. The probes were stored at -80˚C until use.
Reverse transcription and polymerase chain reaction. RNA samples were DNase treated using the DNA-free kit (Ambion, Inc.) prior to the RT-PCR analysis. Cytoplasmic and nuclear RNA (0.4 μg) were reverse-transcribed using random hexamer primers and Transcriptor First Strand cDNA-Synthesis kit (Roche, Mannheim, Germany), according to the manufacturer's protocol. PCR reaction was performed with 50 ng of cDNA in 50 μl reaction mixture containing FastStart Taq DNA Polymerase dNTPack (Roche), according to the manufacturer's protocol, with Smac/DIABLO, survivin and ACTB primer (loading control) (SuperArray, Frederick, MD). The PCR conditions were 95˚C for 15 min, 40 cycles of 95˚C for 30 sec, 55˚C for 30 sec and 72˚C for 30 sec, and 1 cycle of 72˚C for 10 min. PCR products (16 μl) were subjected to electrophoresis on 10% TBE-Gel and were stained with SilverQuest ® Silver Staining Kit (Nr. LC6070, Invitrogen, Inc.). The intensity of expression for each reaction was analyzed by use of a semiquantitative grading system: Grade 0, no expression; Grade 1, minimal expression; Grade 2, moderate expression; Grade 3, marked expression; and Grade 4, strong expression.
Western blot analysis. Equal amounts of protein (~100 μg) were resolved using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Nupage ® Bis-Tris-Gel 4-12%; Invitrogen, Inc.) and transferred to polyvinylidene difluoride Hybond-P membrane (Invitrogen, Inc.). The membrane was blocked and probed using a Smac/DIABLO rabbit polyclonal antibody (AF789; R&D Systems, Minneapolis, MN) at a dilution of 1:2,000. An antibody against ß-actin (1:1,000; Ab8226, Abcam, Cambridge, UK) was used to confirm equal loading among the samples. The Western blots were visualized using Western Breeze ® Chromogenic Kit (Invitrogen, Inc.). The intensity of expression for each reaction was analyzed by use of a semi-quantitative grading system: Grade 0, no expression; Grade 1, minimal expression; Grade 2, moderate expression; Grade 3, marked expression; and Grade 4, strong expression.
Statistical analysis.
Results are expressed as mean ± SEM. Statistical analysis was performed using an unpaired t-test. P-values <0.05 were considered statistically significant.
Results

Patient demographics and tumor characteristics.
Of the 100 patients studied, 74% were women and the patients ranged in age from 22 to 85 years with a median of 62 years (Table I) . Most tumors were histologically benign; there were 30 atypical and 4 anaplastic meningiomas. For in vitro immunocytochemical staining studies, seven primary cell cultures were grown in monolayer cultures. The primary cell cultures were immunocytochemically stained with EMA and vimentin antibodies to verify presence of the meningioma tumor cells.
Immunohistochemical analysis of apoptosis enzymes in meningiomas.
Immunohistochemical staining for Smac/ DIABLO was performed on 100 human meningioma surgical specimens and tonsil tissue as positive control. All hundred meningiomas stained positively for Smac/DIABLO (Fig. 1D) . The Smac/DIABLO immunoreactivity was found exclusively in the cytoplasm of all meningiomas studied. In fact, 61 (Table II) . Only seven benign meningiomas (7%) and eight atypical tumors (27%) displayed Grade 1 or 2 staining. Normal cerebral cortex stained for Smac/DIABLO displayed strong (Grade 4) staining of the cytoplasma (Fig. 1A) .
The same tumors were examined for survivin and all displayed positive staining (Fig. 1E) . Survivin immunoreactivity was found often in cytoplasm, sometimes in cytoplasm and nucleus and only rarely in the nucleus. In contrast to Smac/DIABLO no specimen displayed Grade 4 staining. Most of the benign meningiomas 52 (79%) and 24 atypical tumors (80%) exhibited Grade 1 or 2 staining (Table III) . Fourteen (21%) of the 66 benign meningiomas and 6 (20%) of the 30 atypical meningiomas exhibited Grade 3 staining.
To verify the degree of apoptosis in meningiomas ssDNA was analyzed in the 100 specimens. Most meningiomas displayed a small amount of ssDNA. Forty-one benign (62%) and 22 atypical (77%) meningiomas showed no or almost no occurance of ssDNA (Table IV) .
Immunocytochemical analysis of apotosis enzymes in meningiomas.
The immunocytochemical analysis for Smac/ DIABLO and survivin was performed on the IOMM-Lee malignant meningioma cell line and on six benign/atypical meningiomas grown in cell culture. All seven specimens exhibited extensive (Grade 4) cytoplasmatic staining of Smac/DIABLO ( Fig. 2A, B, D and E) , whereas cells stained with survivin displayed moderate colouring of the cytoplasm and sometimes of the nucleus (Grade 2) (Fig. 2C and F) .
Expression of the Smac/DIABLO protein in meningiomas.
One hundred meningioma primary cell cultures, the IOMMLee cell line, normal cerbral cortex and two surgical specimens of human dura were processed for Western blot experiments. Cytoplasmic and nuclear protein extracts were Table II . Immunoreactivity grades of 100 human meningiomas immunohistochemically stained for Smac/DIABLO (%). WHO  0  1  2  3  4  Total  - --------------------------------------------------------------------------------------------------- Table III . Immunoreactivity grades of 100 human meningiomas immunohistochemically stained for survivin (%). (43) 24 (36) 14 (21) (47) 31 (31) 22 (22) 0 (0) Table IV . Immunoreactivity grades of 100 human meningiomas immunohistochemically stained for ssDNA (%). (7) 61 (61) 24 (24) 6 (6) 2 (2) 
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isolated. Smac/ DIABLO has a molecular weight of ~27 kDa and the loading control ß-actin 42 kDa. All meningiomas samples exhibited strong staining of a band at ~21 kDa in the cytoplasmic extracts for Smac/DIABLO and a large band at 42 kDa for the loading control ß-actin (Fig. 3) . The nuclear protein extracts showed no staining for Smac/DIABLO as expected by cytoplasmic localization of the proteins.
Expression of apoptosis enzyme RNA in meningiomas.
Expression of RNA was determined in 100 meningioma primary cell cultures, the IOMM-Lee cell line, normal cerebral cortex and three dura surgical specimens by reversetranscriptase PCR analysis. PCR products of Smac/DIABLO and survivin were 118 and 73 bp, respectively. The product of the loading control ACTB was 183 bp. Smac/DIABLO showed a constant high-level expression in meningiomas, IOMM-Lee cell line, cerebral cortex and dura, in contrast to survivin, which was expressed throughout the specimens at a low-level. No changes in the expression of survivin with increasing WHO grade, in IOMM-Lee cell line, dura and cerebral cortex were seen (Fig. 4) .
Discussion
Meningiomas are the most frequent tumors of the central nervous system. Although generally slow growing, they continue to be a major cause of morbidity and mortality due to recurrence and unresponsiveness to adjuvant therapies. The finding that apoptotic enzymes are expressed in meningiomas is fundamental and might create potential therapeutic opportunities. To identify the role of apoptosis in meningioma cell death regulation, we investigated macromolecular (RNA and protein) synthesis and activity in meningiomas of different malignancies.
A feature common to all successful multicellular organisms is the ability to control the cell number. This property is essential in developmental and adult phases, and is achieved by modulating both cellular birth and death (19) . The latter event is largely affected through the activation of a strongly regulated series of events that lead to deconstruction, death and ultimately removal of the cell in a process known as apoptosis.
Survivin expression. Survivin is known to be expressed in fetal tissue and transformed cells in adults (20, 21) . It is expressed in most common human cancers of the lung, colon, pancreas, prostate, breast, esophagus, liver, stomach, uterus, bladder and skin, as well as in neuroblastomas and melanomas (21) (22) (23) (24) (25) (26) (27) . The expression of survivin not only appears to correlate with aggressive tumor behavior and poor prognosis, but is also considered a risk factor for resistance to chemotherapy and radiation treatment (28) . In the majority of primary nervous system tumors, particularly in glioblastomas and peripheral nerve sheath tumors survivin is also expressed (29) . In glioblastomas, positive survivin expression was seen in immunohistochemistry and detected in high levels throughout the specimens, with a positive correlation to the Ki-67 proliferation index (30, 31) . However, no correlation between the intensity of survivin staining and the clinical course of the tumors has been seen (29) . Moreover, simultaneous expression of survivin in both nucleus and cytoplasm has been interpreted as an important prognostic factor in astrocytoma (32) .
Somewhat contrary results have been demonstrated regarding survivin expression in meningiomas: with immunoblotting techniques a high level of survivin protein has been shown (33) , whereas flow cytometrical analysis showed that both spontaneous and radiation-induced apoptosis levels are very low in these neoplasms (34) Although no or only mild expression in high grade meningiomas has been noted, there was a significant relation between grade 1 and expression of survivin and Ki-67 (36) .
Combining in vitro and in vivo experiments we provide evidence of a low level expression throughout all grades of meningiomas, with no increase in meningiomas with a high cell turnover. The expression of survivin in benign slow growing tumors does not provide evidence that this antiapoptotic protein might be related to tumor malignancy and poor prognosis in meningiomas. The suggested overexpression of survivin as an early event in the stepwise tumorigenesis and its responsibility for the growth advantage during tumorigenic progression can only be applied to malignant meningiomas (33) . However, investigating the malignant IOMM-Lee cell line we suggest that these cells do not express typical features of a meningioma cell line.
Mediating survivin activity, either as a mitosis regulator and apoptosis inhibitor should be taken into account in therapeutic strategies using survivin (31) . In an animal model, the topoisomerase-I-inhibitor irinotecan led to decrease in tumor growth in malignant menignioma that was accompanied by a decrease in Bcl-2 and survivin levels and an increase in apoptotic cell death. However, the treatment was much more effective against the IOMM-Lee cell line than against primary meningioma cultures. This focuses its treatment options to atypical or malignant meningiomas and should be evaluated further for this purpose (37) .
ssDNA was stained in vivo to verify the amount of apoptosis in meningiomas, as the antibody only stains singlestranded apoptotic DNA but not necrotic cells (38) (39) (40) , however no significant inverse correlation with Smac/ DIABLO or surviving expression has been seen as previously shown in glioblastomas as well (31, 41 (42) . Tumor cells with reduced Smac resist apoptosis leading to the suggestion for an obligatory role for Smac/DIABLO in these tumor cells during several pathways of apoptosis induction (43) . It has been shown to induce apoptosis in various types of cancer, including ovarian (44), renal cell (45), colon (42) , bladder (46) and lung (47) .
The presence of apoptosis initiating proteins in cells of the central nervous system have been verified in mammalian stroke studies (48) (49) (50) (51) . One report describes an inhibition of clonogenic tumor growth by Smac through blocking proliferation and enhancing apoptosis in a cell type-dependent manner in neuroblastoma cells (52) . This is the first study detailing the findings of Smac/DIABLO in benign, atypical and anaplastic meningioma cells.
As demonstrated in renal cell carcinoma (53) mRNA expression levels of Smac/DIABLO in meningioma cells did not relate to tumor stage or grade, although Smac/DIABLO is expressed at a high level. The lower expression of Smac/ DIABLO displayed in WHO grade III meningiomas did not appear in Western blotting or immunohistochemistry. This might be bias due to the small numbers of WHO III tissue samples in this series. The semi-quantitative derived mean value of survivin was significant lower than Smac/DIABLO (t-test, P<0.01).
Considering therapeutic options for treatment-resistant meningiomas synthetic Smac/DIABLO peptides have shown an enhancing effect of etoposide-induced apoptosis in human glioblastoma cell lines (54) . This was also shown with various chemotherapeutic drugs and irradiation treated breast cancer cells, who either were overexpressed with the Smac/DIABLO gene or were treated with Smac/DIABLO peptide (55) . Furthermore, Smac/DIABLO is able to stimulate induced apoptosis by promoting caspase-3 activation and cytochrome-c release in colon cancer cells (56) or via an escalation of inhibition of the Survivin/Smac-DIABLO interaction (57) . Therefore it would be worthwhile to test this marker as a target for chemotherapeutic agents.
Verifying constant high-level Smac/DIABLO, respectively low-level survivin expression in meningiomas this study indicates that these apoptotic players might be beneficial as targets for adjuvant therapeutic strategies in recurrent atypical meningiomas, although no pathological overexpression of survivin was observed as in several other types of cancer impeding apoptosis.
